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:-■ LASER CUTtlNdi OF SEMICONDUCTOR. MATERIALS 

^ _ . -Thla ir^^rti0^^y^ls;tVi^e 1 Cffider Subcontract No. ZA>C-8-17647-10r. whi^i 
_ is a subcontract under U-;'S-.;Pfime Cohfract'No. DE-AC36-83CH10093. ' 

Field of the Invention 

. This invention relates to the use of lasers for cutting semiconductor 
materials and more particularly to the laser cutting of EFG-grown material. 

Backqrouhd oftHe ih vehtiorl •, 

The EFG method of growing shaped crystalline materials from a melt, 
is well known, as exemplified by U.S. Patents Nps. 4,937,053;, 5, 1 02,494 and 
5,558,712. The use of EFG materials in fabricating photovoltaic cells also is well^ 
knpwn, as exemplified by U.S. Patents Nos. 4,751,191, 5,698,451, 5,106,763 ^ 
and 5,151,377. It has been the practice to use the EFG method to grow hollow ^ 
polygonal bodies of a doped semi-conductor material, e.g., octagons of 
~ phosphorous-doped silicon/and tpuse a laser to subdivide those bqdte 
rectangular wafers or blanks for use in making photovoltaic cells. More recent 
efforts have been directed to growing large ^ 
u silicon, e. g^cylinders with a diameter oftappfbxlm^ a wall 

thickness of 100 to 700 pm (microns). ; ; • 

Laser cutting of a material involves Absorption of laser energy within the 
material, resulting in a localized temperature increase, rnelting and vaporizing of 
the material and transport of the melted and vaporized material away from the 
body being cut. The development of existing technology for cutting wafers out of 
hollow EFG-grown silicon bodies has been driven by the need to maximize 
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cutting speed, which has lead to a search for lasers with the highest-available 
ayerage power. Heretofore the cutting up of hollow silicon bodies into wafers 
. has been accomplished in air using ^ cqnyentionayndustnal jasers such as •< - T 
conventional Nd^YAG and C0 2 lasers with average ppwer levels of about 1 00- 
500 watts ("VV.'Jr Those lasers ;are similar in their cutting action in that they are 
operated with relatively, long pulse lengths, about 300 and 500 microseconds: 
(ps) respectively, and th6 cutting prpce a predominantly melting :> W--, 

mechanism. These prior methods of laser cutting silicon bodies have cutting 
speeds in the order of 25-50 mm/sec. for 300 pm thick silicon. Moreover, the 
same prior methods of laser cutting the brittle EFG-grown silicon bodies result in 
laser-induced damage to the edges of the silicon wafers. , ; . 

Laser-induced edge damage to the sjlicon wafers is the result of changes 
iq the physical material properties where heating has occurred. The material 
depth to which these changes are detectable is called the heat-affected; zone 
("HAZ"). The defects in the HAZ are of two types ^ microcracks; and; deposited 
; d ^bris ("sjag"). The micrpcracks, which, usually are numerous, ^commence 'at and 
generajly,prppagate. normal to ^ by about 90 degrees 

so as tp extend parallel to the put edges* By way of illustration,; when<cutfing a 
silicon, in air with a f thickness of 300 pm using a lsld;XAG laser with; a pulse i c i 
duration of 0.5 milliseconds (msec), a pulse energy. pf 500 milljjoules (mJ) and. a 
Gaussian spot with a beam diameterof approximately 1 50-200 pm< the i ,*i< '~v.& 
microcracks may extend up to 50 pm awayTrom the.cut edges.rThesei. > . 
.^'propracks are highly undesirable since they result in mechanical .weakness of 
the laser cut wafers. The slag consists primarily of silicon which has resolidified 
from the molten and volatilized states and Sj0 2 (when air is present in the cutting 
zone). The deposited slag contributes to the weakening of the;edges of the cut 
wafers. 
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; The damaged edge material heeds to' be removed by chemical etching 
before the cut wafers can be processed to rhahUfacture photbvoltaic ceils. The 
deeper the HAZ, the more material must be removed at the edges of the wafers. 
Unfortunately the occurrence of edge damage has resulted in a f reduction in the 
yield of 'acceptable wafers for ^ arid r £l&6 Yri 

increased costs due to the heed to reriibveda^ 

wafers-before commencing the several pracesses re cdhvert the wafers 

to ;solar cells or other devices^ - ?cwi^rn v-v:.\ e.:,-, r wx.Knvfw 

• ^ The critical laser characteristics i hfltJftfn^iftgT' -tFf^ hasei^ >: £ieJarn f irilSrac^iCflfT'^ 
< i with crystal! line Silicon arid the Isxterit of the HAZ are laser pdwer ehd the :VJ 
variations of the absorption cdefficierit With Wavelehgth, temperafifr^ 
■• power, and igas corhpositibn; These factors impact bh the cutting speed limits as 
well as on the mechanism of heat transport and subsequent HAZ formation arid 
edge damage generation. However; in striding to reduce edge damage; the 
basic requirement of maximizing laser powers to increase the cutting speed 
or must be coupled with limiting the heat iripiiit to the ^-silidon matWial, ? sirice the heat 
.input to the material surrounding the laseh cut determines the extent of the HAZ 
and the occurrence and length of the microcracks; Depending bh the laser- 
beam wavelength, the pulse length must be sufficient so that enough energy is 
•initially retained in the silicort crystal I ihe material tb heat it above abbut 600 b C to 
attain melting of the silicon; - The laser pulse energy must be ^^i^ near 
the melting threshold to minimize the HAZ. 

Damage free and rapid cutting of silicon using laser energy has remained 
art elusive but necessary goal in the effort to achieve high yields at the various 
i) stages in the process of cbnveilingSthe silicon wafer^ into photovoltaic ceils 
other semiconductor devices and to reduce rriariufacturirig costs. 
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Objects and Summary of the Invention : u^x?iD^-Jz£±*.. 

A primary object of this invention is to provide a hew and improved 
method of catting crystalline materials With a laser; -' sC: -' ;i& 

Another object of this invention is to provide a hew and improv^ method 
of cutting semiconductor bodies with a laser so as tP produce wafers for use in 
making solar cells or other solid state semiconductor devices! 1 " : m - 

A further object is to provide ah improved method df cutting cnystalline 
materials with a laser so as to reduce edge damage. 

Still another object is to enhance the speed of laser cutting a cVystalllne 
material such as Silicon. " H: - v " ; 

A more specific object is to provide ah improved method of cutting a thin 
silicon body with a laser at a rapid rate with minimal occurrence of micrb-cra^ks 
or other damage at the edges of the cut material. 

Another specific object is to provide an improved method of laser^cutting 
EFG-grown hollow silicon bodies into rectangular wafers or blanks" With the 
cutting being accomplished at optimum speed and with a reduced hufnberW 
micro-cracks at the edges of the wafers. ■ : * v:?-- v-r.vt 

The foregoing objects, and other objects that aire rendered obvious by the 
following detailed description, are achieved by cutting semibonductor material 
with a laser in a selected a vacuum or a hon-qxygen atmosphere. More Aa '~ f 
particularly, the laser cutting is accomplished in a vacuum or in the presehde of 
one or more gases from the group comprising forming i gWahd ihe hobii g^ses 
(He, Ne, AR and Kr): Other features and advantages of the invention are 
disclosed in or: rendered obvious by the following detailed specific desehptioh 
and the accompanying drawings; 
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The Drawings 

Figs. ;1A-1 G are graphical representations comparing the speed of cutting 
silicon with a Q-switch Nd:YAG laser varies according to the atmosphere in 
which-Jthe cutting is accomplished. ( . 

Fig. 2 is a schematic illustration of one form of apparatus for; practicing 
the present invention; . 

Fjg. 3 is a cros.Srsectional view of a portion of the apparatus of Fig. 2; 

Fig. 4 is a cross-sectional view of the O-ring that forms part of the Fig. 2 
apparatus;. , ; . , .... , 

Fig. 5 is a plan view of a modification of the gas-confining collar; and 

Fig. 6 illustrates a laser gas-assist nozzle constituting part of an 
alternative embodiment of the invention. 

Detailed Description Of The Invention 

VVhen using a laser to cut silicon or any other material in air, the laser 
must be operated so as to provide a peak power density at the beam focus that 
is less than that which will cause the air to break down and form a plasma, which 
pccurs at a pqwer .density of approximately 5 x,1 0 9 watts per square centimeter 
(W/cm 2 ); . The formation of plasma consumes substantially all or most of the 
laser energy, thereby preventing laser cutting since little. of the energy reaches 
the; material to be cut. It has been determined from laser cutting in air that, in 
general, ; the HAZ becomes smaller for any given material at a peak power • ■ > 
density just below.that at which air breaks down into a plasma. Nevertheless, as 
npted abqye, the laser pulse energy must be maintained near the melting 
threshold to minimize the HAZ. In this connection it has been determined also 
that the minimum energy required to melt silicon is about 200 J/cm 2 and the 
minimum energy required to vaporize silicon is about 1000 J/cm 2 (for laser beam 
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diametefs of the order of 50-200 urn as is common in practice, the threshold 
melting and vaporizing energies are about 4mJ and about 64m J per pklse 
respectively): y "- '" 7?:> 

Short pulse length lasers (i.e., lasers having a pulse width in the range of 
tens of nanoseconds Or less) are attractive because their average power levels 
have improved to a range that makes them practical for high speed cutting of 
silicon-wafers, subject to being used so as to minimize edge 5 damaQe; Such 
lasers can be adapted to provide a peak power density that approaches the 
practical limiting value for air breakdown. The efforts to Utilize short pulse' length 
lasers for cutting silicon in air have been stimulated by the expectation that the 
short pulse length laser energy will transfer less heat to the sil icon end thereby 
will decrease the HAZ and damage depth while permitting the energy absorption 
to be sufficient for the cutting to proceed quickly with a predominantly melting 
mechanism. 

However, problems were observed trying to using short pulse lasers to cut 
wafers in air at viable rates exceeding 10 mm/sec: Efforts employing a high 
peak power Q-switched Nd:YAG laser and a short pulse Excimer laser repealed 
that initially the laser cutting of 300-600 urn thick EFG%owh silicbn tubes tn^air 
proceeds very fast over the first 25-50 microns, but then slows down " v f :? " ;£ 
substantially to zero. The use of a copper vapor laser in air also proved to be 
unsatisfactory, because although the beam penetrates very Quickly becaus^bf 
its high pulse repetition rate of 5000-10000 Hz, the kerf cavity created by the 
laser cutting action is rapidly filled in with Si0 2 slag so that the cut edges aVe 
glued shut, preventing removal of the wafer. Accordingly until the present ! 
invention it was not feasible to use short pulse lasers to cut wafers out of thin 
crystalline silicon tubes grown by the EFG process even though such lasers are 
capable of providing peak power density levels sufficient to appreciably exceed 
the melting threshold and to vaporize the melted silicon. 
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. , Studio? conducted in the course of ( making the present invention have 
also indicated, that some form, of plasma is found near the surface of the silicon 
material being cut in air even when the cutting ,is accomplished with a short 
pulse length laser at a laser peak power density just below the air plasma 
breakdown level (approximately 5 x 10* W/cm 2 ), leading to, the possibility that 
the plasma is due tp the presence of vplatilized silicon and that the formation of 
the plasma may cause or contribute to microcrack damage. 

The present invention is based on and includes the discovery that the 
cutting problems normally encountered when cutting silicon with a short pulse 
length Q-switched Nd:YAG laser could be overcome and the usual microcrack 
damage substantially eliminated by cutting the silicon material in a vacuum or in 
a selected gaseous environment consisting substantially of a noble gas (He, Ne, 
Ar and Kr) or forming gas (90% N 2 : 10% H 2 ). 

A series of cutting experiments were conducted to evaluate the effect of 
various ambients on laser beam penetration, cutting speed and HAZ-related 
cutting damage to the test spepimens. For the purposes of the test, specimens 
in the form of 700 micron thick wafers of polished single crystal Czochralski- 
grown. silicop were used for ease of measurement due to their flat polished 
surfaces. , Cutting of the. silicon specimens wasppnducted using a Spectra 
Physics Model PRO-290 Q-switched Nd;YAG ? laser having a 50 Hz pulse 
repetition rate.and a 1 0 ns (nanosecond) pulse duration. The average power 
output, of the laser;for the experiments was 65 W. The energy per pulse was' 
500 mJ and the laser beam was focused to provide a peak power density of 0.9 
x 1 0 9 VV/cm 2 , just below the level of 5 x 10? W/cm 2 at which air plasma 
breakdown occurs. The : specimens to be cut were mounted in a chamber which 
had a window thrpugh which the laser beam was directed at the specimens. The 
; chamber was connected to; a, turbomolecular pump and a gas manifold. The 
pump and manifold were used to evacuate the chamber and to maintain the 
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vacuumor fill the, chamber* with various selected -gases? eThefdlibwin§ -ato&IShts 
<•-:.•• were tested: air, vacuuim, N 2( CH 2 F 2 , forming, gas (90% N*1 0% H2); and the ' 
noble gases He, Ne, Ar, and Kr. The chamber y^'^tmn/^j^^pi^e^bf 
one atmosphere during the cutting in the presence of the foregoing gasesr • 

Depth measurements were made using optical microscopy and measuring 
depth by critical focusing at the top surface and the bottom of the laser cut 
• trenches. Trenches were cut in the polished wafers by exposing the matenalto 
the focused laser beam pulses in increments as follows:' 1., 2, 4 - 8, 16;-32, 64 v 
1 28 pulses and measuring the trench depth after each increment; Material, 
damage, was examined by metallurgical cross-sectioning and opticaf mterbsobpy. 

Figs. 1 A-1 G graphically show the results for material removal in- a vacuum 
and all but two of -the various gases listed above. In this connection it should be 
noted that Figs. 1A-1G present graphical data only for helium (He) and argon 
(AR). However, neon (Ne) and krypton (KR) were also tested and showed 
essentially identical behavior. Because noble gases appeared to work well, 1 
nitrogen was also tested to see if oxygen could be responsible for the poor - 
cutting speed in an air ambient. Forming gas was used to determine if hydrogen 
could accelerate the cutting speed, and the forming gas turned out to show 
essentially the same s behavior as noble gases. DWIuoroniethane was tested as 
an ambient to determine if free fluorine radicals produced by laser energy could 
accelerate the cutting process; - - : . 

From the data presented in Figs. 1A-1G, it is readily apparent that all but 
a vacuum, forming gas and rare gas ambients show a slowing of the beam ; ; 
penetration with increasing depth. A comparison of Figs. 1 A and 1 C shows that 
nitrogen and air have a similar detrimental effect on cutting speed, although With 
nitrogen the detrimental effect is not quite as pronounced. Fig. IF shows that 
the results using difluoromethane were also poor- Vacuum, noble gases and 
forming gas show essentially the same high material removal rate and a 
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, j substantially) Irtear removalrrate asta function of the riumber of pulses; The : 
materiaVre .esseMially^cohslant regardless of depth within the 

. bpundaries of the expearriejitfs. v^e^ponetf Mipil-^ates Jh a 'vacuum environment 
andnQbje gas ? Bn>(iro^ Weight 

hso Th e reason f or the improvemeriUn cutting rates is not readily explainable. 
One j)p§sible explanation is delayed onset of plasma in vacuum and inert gases 
when compared to other ambients. It was noted that a plasma is always forrned 
under the, experimental conditions, even in vacuum, since volatilized silicon 
appears to lead to plasma formation as seen by a bright blue flash near the 
material surface. : . J; , : , ... ., ■ 

Optical microscopy combined with cleaving and metallurgical cross^ 
sectioning was used to determine the shape of the laser cut, the presence of 
melt or slag and the presence of microcracks. The tests revealed that cutting in 
a helium environment proceeded without microcracking to a depth of about 200 
microns (pm), with nearly vertical sidewalls except at the very beginning of the 
cutting action. The bottom of the cut is also 'V 1 shaped and some buildup of 
slag and silicon is observed at the edges. It was observed also that with a 
cutting penetration deeper than about 200 microns, buildup of slag is observed 
at the walls of the kerf (i.e., the cut), thereby restricting beam access at the 
bottom of the cut arid ultimately limiting the thickness which can be cut. 
Occurrence of microcrack damage was observed beyond the depth of about 200 
microns.. The cutting rate and the shape of the kerf or cut formed when 
.operating in a vacuum is virtually indistinguishable from the cut that is made in a 
helium ambient. In contrast, cutting in air produced a kerf that developed as a 
round "powl" shape with a significant buildup of slag arid a heat affected zone. 
Cutting in air essentia terminated at a depth of about 50 microns using the 
Spectra Physics Nd:YAG laser mentioned above. Additional experiments 
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involved cutting in a helium environment open to the lil^spKdi^^er^ 1 !^^ 
air could not be excluded; These additional experiments were not quantitative 
but showed a rapid deterioration of Cutting speedi ; from 3;0 cm/sec down to billy 
about 1 cm/sec for 425 urn thick wafers^ and alSciFa ddter idraiidn in kert^alfty 
expressed in terms idf slag depbsitibn a^ 

; Additional experiments Were conducted with the same laser and bpefating 
conditions using specimens of. EFG-groWh silicon having a thickness of 125 ; 
microns; . In this case, it was determined that cuttihgcould be conducted m 1 ! 
helium and forming gas at a cutting speed of 3.0 cm/sec without any significant 
microcrack damage. ■ . : i r; , r 

For economic and practical reasons, Cutting in a noble gas enVirbhmeht 
such as helium is preferable over cutting in a Vacuum. Under current : - : '' rr,! *"-- 
manufacturing practices ERG tubes may measure- six feet in length (or eveh : ! 
longer) and, in the case of cylinders, more than three feet in diameter. It Wbuld 
normally be necessary to immerse the entire cylinder in a helium filled chamber 
with the laser beam entering through a window in the Chamber: With such an ;t 
arrangement the chamber would have to be filled With helium for every tube to 
be cut, unless a load lock including vacuum pumping of the lo6k is used. 
Because the expense and complexity of such apparatus is economically ;V ' 
prohibitive for the cutting of wafers from an EFG tube for the production of solar 
cells, other apparatus has been conceived for practicing the invention. 

Figs. 2-4 illustrate a preferred form of apparatus for cutting wafers but of 
an EFG-grown hollow tube of silicon in the presence of a selected gas 
atmosphere. It: should be noted that for convenience of illustration, the Wall 
thickness of the silicon tube is exaggerated in Fig. 3. Fig. 2 shows a short 
section of an EFG-grown cylindrical tube or cylinder 1 0 that is attached to a ; 
supporting disk 12 that is attached to a shaft 14. Thei latter is mounted for up 
and down vertical and rotational movement by a suitable drive 
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shown). The tube section 10 is surrounded by a collar 16 which has an 
shaped cross T sectipnal shape ( being open to the ambient at the bottom as 
shown by Fig, 3; The inner space of the collar is flooded with a gas selected 
according to the present invention, preferably helium, via a tube 18 that is 
jmc^pt^cl.in an opening^ 9 in ithe upper sidet2Q oyhe^collatand is connected to 
the gasvsiipply 2 t via a suitable flow control valve (not shown); -The collar is 
attached tp a ^itabfe ^support ^qtshown^ 

The collar is sized so as to allow relative vertical; and rotational movement of the 
sUicpn^Hnder 10. .,^ : v=>-:,. ;>•,, \ c Vj» o^-it pr-;:--.,- -m --..^^ 

Since helium at a given temperature and pressure is lighten than' air r 
helium wil I tend to escape from the gap at the, top of the collar betweenj the EFG 
cylinder and the cpllari(spme minor losses of helium also tend to occur from the 
open bottom of the collar due : to possible turbulence and mixing of air and 
■helium). As shown in Fig. 3, the gap between the top of the collar and the 
cylinder is sealed by attaching a very soft and small pore foam rubber O-ring 22 
to the inner ecige of the collar. The ring is sized; so as to touch the EFG tube 
With ,megjiq|^0^essMre ( in order to avoid any force on the cylinder which would 
cause the cylinder to crack or otherwise be damaged. To prevent the passage 
of helium through the foarrhseal, a thin porous or perforated plastic tube 24 iis 
embedded inside the O-ring as shown in Fig. 4; Tube 24 is connected to a water 
supply (not shown) via a suitable conduit (not shown) and a control valve (also 
not shown). A small amount of water is injected periodically into the Oaring via 
tube 24. The foam rubber of the O-ring 22 is porous and absorbs the water 
injected via tube 24. The water filling the foam rubber forms a meniscus 
between the surface of the cylinder and the O-ring that serves as a seal to 
prevent escape of helium. 

For the purpose of easy insertion of ^ the EFG tube 10 into the collar,; a 
second elastic and resilient tube 26 made of plastic or rubber is embedded 
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inside the O-ringi- This plastic tilib'6 26 is ccsinrteefetf 
partially evacuating it so as td cause the iriiier circumference of the sdal to 
expands or (b) pressurizing it with air to cause theurihef cifa^firence of the O- 
ring to shrink. To allow for insertion of the silicon cylinder into th"e cblfer, 
vacuum is applied to tube 26^ sb as- to cause the Offing to dontr&cf iK crbss^ h " { 
section while expanding its rriajo^ - \ " :C 

Thereafter/ with the silicon cylinder surrounded by the 04riri& plastitf iube^26 is 
pressurized with air or ^dme other gas sd as to- cause the O^ricj to expand in 
cross-section and contract its 1 major diamter at its inner circumferehdfe fed ais to 
engage the silicon cylinder O-riVfej 
when contracted and expanded in this way is relative!^ slight/ just enough to 
permit easy insertion of silicon tube 10 oh expansion and to insure afgbdd b£al 
made by the O-ring on contraction. The collar ateb has a side window 28 made 
of glass or some other transparent material through which a laser beam cah 
pass to cut wafers out of cylinder TO. ' 

Fig. 5 shows a modification of the foregoing apparatus. In this base the 
helium* or other noble gas or f drmihg ga^ is injected by tubW 18 ihtd^S coiiy^ 
via an opening 30 in its top side directly abdve-wificlbw 2B f dhdtwb ^feftteii )! - w 
wipers! 32 made^of softifoam rubbfe? sirnMar t^thal^df the iseMI 22'affe I881ti<f ed 

) inside-the;colldr^oritoothcsides ofth^beahn iriip^'aVea; ^ref%r^bly fiftrfMat^ 
adjacenttd the opposite sidd edges^df the ^ih FiQi'5r T ffr# ur 

^wipers^2;sef^to Entire ^nnUl^ 

thus reducing the quaritity of helidfff requi^ 
portion df the silicon tube being cut by the laser bei^ 

measure, the wipers may - be provided with embedded pbrbUsp ttib^s '(not 
shown) like tube 24 thai are connected td 'a watersapply (hot sHbWny vil*sf ' K 
suitable control val\^:(not shown) and i^efe^ $M&jp 
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„ them wet, thereby establishing a meniscus between the wipers and the silicon 
tube that acts to prevent escape of helium past the wipers. 

: ; , .• Referring again to Rig. 2, the illustrated/apparatus also includes, a laser 
34, relay lenses 36, 38, a 45° mirror 40, and a focusing. cylindrical lens 42. The 
latter is mounted for rotation on its optical axis from one to the other of two 
different positions that are spaced from one another by; an angle of 90 degrees. 
Lens _42, is rotatable on command by a lens-rotating mechanism (not shown). 
The mirror 40 directs the laser beam to the cylindrical lens, and the latter 
converts the beam into an elongated narrow spot pattern, e.g., a spot measuring 
about 30pum x 25pm and focuses it through the glass window 28 onto the 
exterior surface^of the, silicon: tube 10 v Focusing the beam as an elongated 
narrow spot speeds up 4he cutting process and also permits* better control of; - 
laser energy .density. WJib the foregoing arrangement, cutting is achieved by 
generating vertical and horizontal- cuts in the silicon cylinder 1 0 'm rectangle or 
square patterns, thereby producing rectangula§ioi!isp,uare wafers; ■;.> u.r: a a ^ 
• r; : y sin 9 tne apparatus of Fig. 2, the preferred cutting process involves first 
positioning the cylindrical lens 42 in the first; of lits two? different positions, in ; 
which ppsjtipn it will cause the beam from laser 34 to .form a harrow elongated 
beam* spot that is oriented with its long dimension extending parallel to the, 
Ipngittidinal axis of silicon tube 10. Then the; laser is: operated to cut in cylinder 
10 a plurality of horizontally-spaced vertical cuts that commence, at the bottom 
edge pflhe silicon tube. This first cutting action involves intermittent rotation of 
t, ^ ^'li c< ^ n 9y!^der through 360degreesrsovthatthe vertical; cuts extend around 
the full circumference pf the cylinder. Depending on the length of the beam . 
spot, it : may be necessary to move the entire laser cutting system vertically to 
achieve , vertical puts of tine proper length. Alternatively lengthening the vertical 
cuts can be achieved by moving the silicon cylinder vertically. Once all the : 
vertical cuts have been made, the cylindrical lens is rotated 90 degrees to its 
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; second position, in which pds|Hbn'1t>lb^^thcrlaser%e^^tKat its eldhgafe 
beam spot is oriented with its long dimension extending hdrizdntally, i.e., at a 1 
right angle to the axis of silicon cylinder 10. This hdrizdntally-oriehted laser 
beam spot is caused to traverse cylinder 10 horizontally between the vertical 
■ cuts so as to separate wafers from the cylinder. This can be r achieved by 
rotating the silicon cylinder. Alternatively, it can be achieved by pivoting mirror 
40 on a pivot axis that extends* parallel to the silicon cylinder: Regardless of : 
how the horizontal cuts are made, only one line of horizontal cuts is required to 
produce wafers, since the bottom edges of the wafers are portions of the bottom 
edge of the silicon cylinder. 

- It is contemplated that the heed to use a cylindrical lens as described 
above can be eliminated by using other lasers and focusing the beam into a 
circular spot pattern, and using mechanical means to cause the laser to scan the 
surface of the silicon cylinder in a way that will result in square or rectangular' 
wafers being cut out of the cylinder, Lasers t other than the bne ; described 
above, with higher pulse repetition rates would: be required for this appHcatioh: 

Other ways and means of using a laser to Cut materials in a selected " 
pattern are well known, as exemplified by the following United States patent's: 
No. 4,503,313, issued:March 5, 1 985 to A. Tsutsumi; No/ 4,675,501 , issued June 
23, 1987 to H. Klingel; No, 4,728,771v issued March 1, 1988 to F. Sartbridt ' 
No. 5,463,202; issued Oct. 31, 1995 to M, Kurosawa et al; No. 5,667,707, issued 
Sept. 16 1997; No. 5,756,961, issued May 26, 1998 to K Satb et al.; arid No: 
5,759,428, issued June 2, 1998 tb-H: Balamane et al. The teachings of those 
patents are included herein by reference. ' s ; 

An alternative apparatus and method of conducting cutting ih a noble gas 

ir or forming gas environment involves the use of a gas assist laser nozzle.- C5a3 
assist nozzles are well known in the art and are exemplified by said U.S: Patent 
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No. 4728,771 and also by U.S* Patents Nos. 5,083,006, issued Jan. 21 , 1992 to 
D. Stroud and 5,220,149, issued June 15^ 

By way of example but not limitationi Fig. 6 schematically illustrates a gas 
assist nozzle 50. The nozzle has a central or axial bore 52 in which is mounted 
a focusing lens 54. Etpre 52 is open at one end 56 for admittance of a laser 
beam from a laser (not shown) and has, a reduced diameter discharge opening 
or orifice 58. through which the laser beam passes out of the nozzle. The lens 
54 serves to focus the laser beam so that its focal plane is at the adjacent 
surface of the material to be cut which will be located close to the discharge 
orifice 58. One or more side ports 60 are provided in the nozzle for injection of 
assist gas from a gas supply 21 . In this case the assist gas is a noble gas or 
forming gas as described above. The assist gas, which flows out of the 
discharge orifice 58 into contact with the material being cut, is introduced at a 
fluid pressure level which will cause it to flow out of the nozzle with a velocity 
sufficient to, ephance the laser cutting speed by removing materials that tend to 
depos.it as debris at the cut eciges (in the cutting of silicon tubes;, the debris 
consists primarily of re-deppsition of silicon from the molten and vaporized 
st^esrprpduc^d by-the laser energy). Since the layer of debris promotes 
. microcracks at the cut edges, the removal of debris by the assist gas hot only 
enhances cutting speed but alsp improves the, strength of the cut wafers. The 
stream iOf assist gas discharge^ spreads laterally alohg the ~ - 

surface, of the silicon tube being cut, thereby creating a ambiehit that : 

envelops; the ; adjacenfe surface portion of the :tube. r ; ai\ v." . ^ 

Although the invention has been described in connection with a NdiYAG 
laser, it is tp be appreciated that the invention, may be practiced using a different 
short pulse length pulse laser. It also is argued that laser cutting of silicon using 
a laser that produces relatively long length pulses, e.g., a Nd:YAG laser 
operating with a pulse length of 500 microseconds (us), may be improved in 
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terms of wafer quality, if not in increased cutting speed, by conducting the 
cutting in an ambient consisting of a noble gas or forming gas as taught by this 
invention. Although the Q-switched Nd:YAG laser has been described in the 
foregoing specification as operating at a pulse repetition rate of 50 Hz and a 10 
ns duration^ with an average power output of 65 watts, it is to be appreciated that 
the laser may be operated with different pulse repetition rates, pulse durations 
and average power output, according to the material being cut and the results 
intended to be achieved. Also, the spot size and^ shape of the laser beam 
focused on the material to be cut may be altered according to the type of laser 
used, the desired cutting speed, the pulse Width, repetition rate, arid energy 
density, and the composition arid thickness of the material being cut. While a 
circular beam spot pattern may be' used advantageously With other lasers and 
the present invention, an elongated narrow spot pattern is preferred for me : ' 
purpose of maximizing cutting speed. Preferably the beam spot pattern is ; 
shaped so that the width of the cut made in the material being cut is in the order 
of microns. By way of example but not limitation, when using a short pulse ; * 
Nd:YAG laser to cut silicon, it is preferred to use a riarrbw elongated beaW spot 
having a maximum width in the range of 40-1 50 microns. ■■•■ty-ir^y. .anv- 

A further possible modification is to form the collar 16so that its bbitbm 
Side is closed off, i.e., so that in cross-section it consists of a 1o£ wall arid a 7 
bottom wall connected by a side Wall in the form of a "U" thai is turned 90*»bh its 
side. It should be noted also that laser nozzles of different constructions may be 
used in practicing the invention. 

Although Fig. 2 illustrates the invention as being applied to a cylinder 
rather than to a tube with a polygonal cross-section, e.g., an octagbri, it is to be 
understood that the invention may be used to cut tubes of various cross- 1 
sectional configurations, e.g., eight-sided EFG-grown silicon tubes commonly 
identified simply as "octagons", particularly if an assist gas nozzle as shown in 
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Fig. 6 is used rather than a collar as illustrated in Figs. 2 and 3. It is to be 
understood also that if the EF G tubes, to be cut have a polygonal cross-sectional 

. rv configuration, a collar may still be used to provide a suitable noble gas or 
; forming gas; environment 

. cons^cted modified so that at its inner edge will have a mating polygonal 
configuration to provide a close fit with the. tubes to,- be cut.; .It is to be noted that 
use ofa collar is preferred oyer a gas assist nozzle since the latter would 
consume more of the forming gas or noble gas due to. loss of gas to the outside 
atmosphere., . ,. : .y T \; : . .- ; v 

r It also is contemplated that the gaseous, environment provided by the 
present invention may consist or a mixture of noble gases or a mixture of forming 
gas and pneor more noble gases. Also although xenon was not tested; it is 
belieyed that its use would provide the same improvement in results that are 
obtained with helium, neon, argon and krypton. 

5 Al^ugh the invention has been described in connection with cutting 
silicon, it is. believed that the concept of cutting a fragile crystalline material With 
a laser using a selected non-air ambient or environment may be used to cut 
other materials. Also the. invention is not limited to cutting^ hollow tubes but may 
be used to cut silicon or other crystalline materials in sheet or other form, 
particularly materials having a relatively small thickness, e.g., a thickness in the 
range of 100 to TQOum; Similarly, the apparatus used to support the silicon 
tubes and the construction of the laser system may be modified to use means 
well known or obvious to persons skilled in the art; Still other modifications will 
be obvious to persons skilled in the art from the foregoing description.. 

. As used herein, the terms "laser beam" and "laser energy beam" is to be 

. construed as including a Stream of pulses of laser energy: *••:» 
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WHAT IS CLAIMED IS: «i ub 

1-;' A method of cutting a hollow semi-cdnductorbod^ of ^ilibbh into wafers 
for use in making' solid state electronic' devices, comprising the steps 6fr ; orn 

cutting said semi-conductor bbdy : with a short pulse raW irTa vacUurri ir 
in th&^resence of a gaseous medium 1 consisting of one or more br the* following 
gases: forming gas and noble gases. •••.».■>*•..*• -js..- >c/-;-;- 

2. A method according to claim 1 wherein substantially all of said gaseous 
medium comprises a noble gas. v p ; 

3. A method according to claim 1 wherein substantially all of said gaseous 
medium consists of one or more of the following gases: forming gas, helium, 
argon, neon and krypton. : 

4. Amethod according to claim 1 wherein substantially all of said gaseous 
medium comprises helium. 

5. A method according to claim 1 whereih substantially all of said'gasebus 
medium comprises argon: -=---ov v-'vv::..*-.;' ^vj^iv >;>•«; s :«c 

6. A method according to claim 1 wherein said cutting is acbomplished using 
a Nd:YAG laser. ; --,^r,.s ; •": *«ft;;tfc--Ksp v.; 

7 - A method according to claim 6 wherein said laser has a 50 J tiz! pulse " ■ * 
■ : repetition rate. : '*:•..■?; ...«:>.,*•- :•■•.".*■■>■.• ■.■^■?sh-..- • 0 -s>'r , w;'yw 
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8. A method according to claim 7 wherein said laser has a 10 ns pulse 
duration. 



9. A method according to claims 1 wherein substantially all of said gaseous 
medium comprises one or more of the following gases: forming gas, helium, " 

. argon, neon, krypton, and xenon, and.further wherein said laser is Nd:YAG laser 
. Jhat pipduc^s a laser beam haying a pulse repetition rate in the order of 50 Hz 
and a pulse duration in the order of 10 ns. 

10. A method according to claim 1 further including the steps of supporting 
said hollow body, and operating said laser so as, to< provide a laser beam that 
traverses said hollow body in selected horizontal and vertical paths so as to cut 
out rectangular wafers from said hollow body. : 

11. A method of cutting a hollow semi-conductor body of silicon into wafers 
for use in making solid state electronic devices, comprising the steps of: 

. surrounding said semi-conductor body with a collar so as to define an 
annular space surrounding said body, 

injecting a gas from the group consisting of forming gas and the noble 
gases He, Ne. Ar and Kr into, said annular space; and 

cutting said semi-conductor body by means of a short pulse length laser 
that is operated so as to beam laser energy pulses through said annular space 
io said semi-conductor body, whereby laser cutting of said semi-conductor body 
is conducted in the presence of said gas. 

12. A method according to claim 1 wherein said collar has a window that is 
transparent to laser energy, and further wherein said laser pulses are directed 
through said window at said semi-conductor body. 
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13., A metjhod of putting a serni-cpnductqr body pomprising /the steps ofi o r 
passing laser energy beam through a gas assist nozzle directed at said 
semi-conductor body so that said laser energy beam operates to cut said 
semiconductor body; and • v u 1 

injecting a gas from the group consisting of forming gas and the noble- 
gasesJHe, Ne, Ar and Kr into said gas assist nozzle so that said gas passes out 
of said nozzle into contact with said semi-conductor body, whereby laser cutting 
of said semi-conductor body is conducted in the presence of said gas. 

14. A method according to claim 13 wherein said laser energy beam is 
produced by a short pulse laser. 

15. A method according to claim 14 wherein said laser is a Nd:YAG laser and 
said semi-conductor body is silicon. 

16. A method according to claim 13 where said cutting is conducted so as to 
cut four-sided wafers out of said semi-conductor body. 

17. A method of cutting a semi-conductor body comprising the steps of: 
placing said body in a vessel having a window that is transparent to laser 

energy and evacuating said vessel so that said body is in an air-free 
environment; and 

passing laser energy beam through said window into said vessel to said 
semi-conductor body and causing said laser energy beam to traverse said 
semiconductor body so that said laser energy beam will cut out portions of said 
semiconductor body. 
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18 A method according to claim 1 7 wherein said laser energy beam is 
produced by a Nd:YAG laser and said beam operates to cut Wafers but of said 

body;:.: ^u::^, .. ::.y:*'. .;>.--. '',.s:*->m *.V-.: 

19. A method according to claim 18 wherein said btody rs made 6f : P^ 

Silicon. / : V.:>^^- -u? .0-v./ ;-*." : qi.v^ ••; " / ■ ■•'•'- : '::*'".-7: 

- r\-, •:. ■ v : -. " *-• : -' '-- ■■ 

. ■ ■ "viy.;d ••i;.::A/cf':o^^m^ £>»•»:* V? *uo 4**3 -aAv :Vv «< 

•V ; :;qv.-i^ .;• •^r^iH; '* • : iO< ; - : 'A y :0'> 5 - " .y- ^ - » ' " ' ~ 

i ••,.*•.-.:: -vK-K^ =' * .<r>>./-'- ! r->. e ; : si! ■ *r :• " 
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